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Upon the excitation by an ultrashort laser pulse the conditions in a material can drastically
change, altering its optical properties and therefore the relative amount of absorbed energy, a quan-
tity relevant for determining the damage threshold and for developing a detailed simulation of a
structuring process. The subject of interest in this work is the d-band metal gold which has an
absorption edge marking the transition of free valence electrons and an absorbing deep d-band with
bound electrons. Reflectivity changes are observed in experiment over a broad spectral range at
ablation conditions. To understand the involved processes the laser excitation is modeled by a com-
bination of first principle calculations with a two-temperature model. The description is kept most
general and applied to realistically simulate the transfer of the absorbed energy of a Gaussian laser
pulse into the electronic system at every point in space at every instance of time. An electronic
temperature-dependent reflectivity map is calculated, describing the out of equilibrium reflectivity
during laser excitation for photon energies from 0.9− 6.4 eV, including inter- and intra-band transi-
tions and a temperature-dependent damping factor. The main mechanisms are identified explaining
the electronic temperature-dependent change in reflectivity: broadening of the edge of the occu-
pied/unoccupied states around the chemical potential µ, also leading to a shift of µ and an increase
of the collision rate of free s/p-band electrons with bound d-band holes.
I. INTRODUCTION
The unique visible appearance of gold has fascinated
not only scientists since its discovery. The origin of its
typical colorful metallic look lies in the electronic proper-
ties resulting from the position of the absorbing d-band
approximately 2.35 eV below the Fermi level EF , which
leads to a high reflection of photons in the red to yellow
spectral range and to a low reflection of photons in the
blue to purple colored frequency interval. At photon en-
ergies too low to excite electrons from the d-band, the
Drude-model can be applied1. It describes the s/p-band
electrons as freely oscillating in an electron gas resulting
in a high reflectivity, typical for a metal and allows the
use of gold as a reflective coating in the infrared (IR)
energy range. Higher photon energies can excite bound
electrons from the d-band leading to a strong increase in
the absorption.
The extreme conditions during strong laser excitation
however can influence the electronic system in a material
and thus change its reflection/absorption behavior. Es-
pecially at the non-equilibrium conditions necessary for a
precise surface structuring of a metal where the laser en-
ergy is introduced below the electron-phonon relaxation
time in a picosecond regime2,3. These extreme conditions
lead to electrons at elevated temperatures in a relatively
cold lattice and can be described by a two-temperature
model (TTM)4. Pump-probe experiments around abla-
tion conditions confirm that the electronic temperature
Te is the main parameter determining transient reflec-
tivity changes5–9. They show that the reflectivity, even
after the fast heating of the electronic system by a pump
pulse is staying in a transient state, due to the delayed
transfer of energy to the lattice and its related decrease
in electronic temperature.
A complete picture of the wavelength dependent reflec-
tivity changes around the absorption edge of gold and
near the ablation threshold is to our knowledge not pre-
sented yet. What has been done are thermo-reflectance
studies describing the effect very close to the absorption
edge and only up to Te = 4kK
5–7. Other studies describe
the changes in R(Te), by describing in detail the effects
valid for transitions within the s/p-band10 up to Te =
80 kK11,12 and in agreement with experiments8,13 but
only around the excitation energy ~ω = 1.55 eV. Also
the conditions far above the ablation threshold of gold
Finc = 0.2 − 2 Jcm
−1,14,15 with conditions Te > 100 kK
are well studied allowing the use of a plasma state model,
applicable for describing the reflectivity for a wide class
of materials and wavelength16–19. However at the param-
eters usually used for metal surface structuring a plasma
state is not reached and the model can not be applied.
The reflectivity map R(Te, ~ω) of gold calculate in this
work covers typical surface structuring conditions. It al-
lows a precise description of the transient change of re-
flected and absorbed energy during the excitation by a
laser pulse for a variety of parameters. With the limita-
tions of the calculation of a maximum electronic tempera-
tures of Te ≈ 80 kK and photon energies from 0.9−6.4 eV
(1380− 190 nm). Therefore the electronic system of gold
is modeled by density functional theory (DFT) using the
WIEN2k code20. A modification of the code allows an
ab-initio calculation of the density of states (DOS) un-
der elevated electronic temperature conditions. At an
increased Te also the effect of a change in the occupa-
tion of states is taken into account as well as a change of
2the electron-hole (eh)-collision rate entering the Drude-
term8,10,13.
A problem one faces now is to precisely relate the calcu-
lated reflectivity map R(Te, ~ω) to experimental results
since the transient state of Te in a bulk material is a
parameter difficult to control experimentally and also to
simulate in a model. A common way to overcome this
problem is the use of thin gold foils21,22 or films5–7 (10 nm
to 100nm) in which the electronic temperature is homo-
geneously distributed in the probed area of the layer due
to fast ballistic electrons. Another common approach is
the use of a 1-D model simulating the electronic temper-
ature only in depth assuming negligible difference in the
incident laser fluence along the lateral direction8,17.
For experiments with self-reflecting laser pulses on a bulk
target and for determining the introduced energy for
structuring processes23,24, a different approach is needed.
Here, we provide a state of the art model being able to
describe an arbitrary pulse with a symmetry around the
z-Axis, reflected on a gold bulk target surface (thick film
> 400 nm) with a pulse length shorter than the character-
istic electron-phonon equilibration time2. To describe the
heat transport after absorption in detail, a TTM is used
including the electron-phonon relaxation4. The symme-
try around the z-axis is used to reduce the simulation
to a 2-D model of the cross section of the pulse shape.
In addition ballistic electrons are considered leading to
an effective increase of the laser energy deposition depth.
In the conducted experiments, pulse energies from 0.3µJ
to 500µJ for ~ω = 1.66 eV (745 nm) and ~ω = 4.98 eV
(248 nm) are applied.
The combination of this macroscopic description of en-
ergy transfer during laser pulse self-reflection by a TTM
combined with the microscopic calculation of the excita-
tion in the crystal based on DFT, gives us the possibility
to directly relate the parameter of electronic tempera-
ture to the reflectivity, applicable to a wide variety of
geometries and parameter sets. Allowing also a descrip-
tion of the physical phenomena leading to the reflectivity
changes under electron phonon non-equilibrium condi-
tions.
II. PHYSICAL PICTURE OF INTEGRATED
LASER PULSE REFLECTION
In the following a general theoretical description of
the integrated reflectivity is given, resulting from the
transient process of a strong ultra-short laser pulse re-
flected by a bulk material surface. For a realistic sim-
ulation of the phenomenon the precise evolution of the
electronic temperature during the self-reflection and the
microscopic understanding of the electron dynamics un-
der elevated Te, at a certain photon energy ~ω in the
bulk and its effect on the reflectivity are crucial. Ex-
perimentally the reflectivity is simply determined by the
reflected laser pulse energy Eref(Te, ~ω) divided by the
incident laser pulse energy Einc. This gives the integral
reflectivity Rint(Te, ~ω) of the pulse since every photon is
reflected at a slightly different location and time and thus
is related to a different electronic temperature Te. For a
theoretical model Rint(Te, ~ω) can also be expressed as a
function of the absorbed energy Eabs(Te, ~ω)
Rint(Te, ~ω) =
Eref(Te, ~ω)
Einc
= 1−
Eabs(Te, ~ω)
Einc
. (1)
Eabs(Te, ~ω) can be obtained by integrating the source
term S(r, z, t, Te, ~ω) of the laser pulse: over the radius r,
the depth z, the time t and around the angle ϕ, assuming
that the incident laser pulse has a symmetry around the
z-Axis,
Eabs(Te, ~ω) =
1
2π
∞∫
0
h∫
0
d
2∫
0
2pi∫
0
S(r, z, t, Te, ~ω)dϕrdrdzdt ,(2)
with the simulation height h and diameter d. The laser
source describes the absorbed intensity distribution by
the material at any point in space and time, as a function
of the electronic temperature Te for a given ~ω at the sur-
face and by the incident intensity distributions given by
the functions: fr(r) along the radial distribution, fz(z)
in depth and ft(t) along the temporal shape,
S(r, z, t, Te, ~ω) = Einc(1−R(Te, ~ω))fr(r)fz(z, Te, ~ω)ft(t) .(3)
The energy deposition by S(r, z, t, Te, ~ω) into the elec-
tronic subsystem, its precise evolution over time and the
coupling to the lattice can now be obtained by solving
the differential equations of a TTM. Described in detail
in section V. With this precise description of the param-
eter Te depending on the incident laser pulse, the next
step is to relate the reflectivity change to Te.
Under normal conditions however at the surface between
vacuum and a material the reflectivity is
R =
(n1 − 1)
2 + k21
(n1 + 1)2 + k21
, (4)
given by the refractive index of the material
n1 =
√
|ǫ(ω)|+ ǫ′(ω)
2
and k1 =
√
|ǫ(ω)| − ǫ′(ω)
2
, (5)
the extinction coefficient, respectively. The complex di-
electric function is given by ǫ(ω) = ǫ′(ω) + iǫ′′(ω). It de-
scribes the permittivity of a material for electro-magnetic
waves, and is determined by the configuration of the
valence electrons in the bulk. In gold excitations are
described in a model of free- and bound electrons by
inter-band transitions (between the d- and s/p-band)
and intra-band transitions (within the s/p-band), respec-
tively. The different excitations can be expressed sepa-
rated by the dielectric function depending on the fre-
quency ω of the incident photons20,
ǫ(Te, ω) = ǫ
{inter}(Te, ω) + ǫ
{intra}(Te, ω) . (6)
and is extended by the out of equilibrium description by
Te relevant under the extreme conditions of laser exci-
tation when the DOS and also its occupation of states
3can change having significant influence on the dielectric
function. The inter-band part describing excitations from
bound to unbound states can be obtained by calculating
the imaginary part of the inter-band contribution to the
dielectric tensor given by:
ǫ
{inter}
ij (Te, ω) =
~
2e2
πm∗2ω2
∑
n,n′
∫
k
pi;n′,n,k pj;n′,n,k (f0(Te, En,k)− f0(Te, En′,k)) δ(En′,k − En,k − ω) . (7)
it is determined by pn′,n,k the momentum transition-
matrix elements describing the excitation probabilities
from a bound state in the band n′ to a free state in the
band n with a crystal momentum k. Also including the
electronic temperature dependent Fermi-Dirac distribu-
tion f0(Te) in which the single particle energies in the
bands are described by Ek. Its derivation and precise
calculation method by DFT is described for equilibrium
conditions in detail by Ambrosch-Draxl et al.20.
The intra-band part ǫ{intra}(Te, ω), describing the tran-
sitions within the free electron gas of the metal, can be
described in the Drude-model1,25
ǫ{intra}(Te, ω) = 1−
ω2p;ij
ω2 + iνe(Te)ω
. (8)
Using the WIEN2k code, a plasma frequency
ω2p;ij =
~
2e2
πm∗2
∑
n
∫
k
pi;n,n,k pj;n,n,kδ(En,k − EF ) , (9)
can be extracted as described by Ambrosch-Draxl et
al.20. In the Drude-Model the response of the free elec-
trons in the model on the external laser field with ω is
additionally damped by the collision rate νe(Te) describ-
ing collisions of the free electrons with bound electron
states closer to the core.
III. DFT CALCULATION OF BROADBAND
REFLECTIVITY CHANGE AT ELEVATED
ELECTRONIC TEMPERATURE
The dielectric function ǫ(Te, ω) of crystalline gold
is obtained by first principles DFT calculations us-
ing WIEN2k (Version 13.1)20. The code is modified
and extended to allow the calculation of an electronic
temperature-dependent reflectivity value under electron-
phonon non-equilibrium conditions. In WIEN2k, the
method of all-electron full-potential linearized aug-
mented plane waves is used to calculate the Kohn-Sham
eigenstates, taking into account the screening effect of in-
ner electrons, the influence of relativistic electrons close
to the core, as well as the effect of spin-orbit coupling
for optical transitions26. The calculations of gold were
performed in the local density approximation where we
used 17 valence orbitals and a lattice parameter of 0.408
nm. The basis of 734 plane waves to describe the valence
electrons was determined by a maximal value kmax by
R ∗ kmax = 8.0, where R is the radius of the used muffin
tins. In total the electronic band structure was calcu-
lated at 816 k-points. To account for the width of the
discrete energy levels a lifetime broadening of Γ = 10 fs
is used.
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FIG. 1. DOS of the valence electrons of crystalline gold with
the atomic shell configuration [Xe]4f145d106s1 calculated at
RT with WIEN2k. The broad d-band edge of 0.9 eV width is
highlighted in gray. The Fermi-Dirac distribution for different
Te is included, and shifted by ∆µ(Te). The obtained RT
reflectivity is shown in the inset compared to the literature
value from Johnson et al.25 .
III.1. Room Temperature conditions
The WIEN2k code determines the DOS by ab-initio
calculation and from that the inter-band transitions (Eq.
(7)), the influence of these transitions are normally de-
scribed in a Drude-model as the core polarization term8.
The intra-band transitions however given in the model
from Ambrosch-Draxl et al. also use a Drude-term which
requires a damping parameter at nearly room tempera-
ture (RT) here defined as 316K(0.002Ry). In addition
DFT calculation can not precisely describe the correct
absolute energy positions of the Fermi level. Therefore
the literature data for the dielectric function and thus
R(~ω) from Johnson et al.25 are used to define these two
parameters at RT conditions. To obtain the correct ab-
solute energy positions the calculated DOS at RT, shown
in Fig. 1 needs to be shifted by ∆E = 0.41 eV. The re-
flection edge is defined at the DOS spanning over 0.9 eV
marked in gray from the onset of the d-band to the first
4peak in its DOS. In the inset showing the shifted reflec-
tivity it spans from 1.7 eV to 2.6 eV shaded also in gray in
Fig. 1. At the center of this gray bar an photon energy
of ~ω0 ≈ 2.15 eV is needed to excite in an unoccupied
state above EF and marks the transition from high re-
flection (R ≈ 0.97 ) for excitations from the s/p-band to
low reflection (R ≈ 0.34 ) for photon excitation from the
d-band. The second parameter, the Drude-damping pa-
rameter νe(Te;RT ) = νeph . which describes the electron
phonon collision rate at RT conditions is defined by the
reflectivity value given by literature at an photon energy
of 1.66 eV. Defining in our model the Drude-damping
parameter to a value of νeph = 0.88 fs
−1 where the inter-
band part is given by Eq. (7), and the plasma frequency
is given by Eq. (9).
III.2. Elevated Electronic Temperatures
The effect of an increase in the electronic temperature
on the dielectric function introduced in Eqs. (6) and (8)
is implemented in our DFT simulation. First only the
influence of the inter-band part and the plasma frequency
shown in Fig. 2 a) are discussed. In a second step our
model is extended by a temperature-dependent collision
frequency νe(Te) plotted in Fig. 2 b).
In Fig. 2 a) (DFT) when considering a constant col-
lision frequency of νe(Te;RT ) = νeph = 0.088 fs
−1 over
the whole reflectivity map shown in Fig. 2 (a) for the
case of the electronic temperature near the equilibrium
conditions the color plot changes from red to green in
a range of ≈ 0.9 eV. For increasing temperatures, the
midpoint of the reflectivity edge however shifts to larger
photon energies, also the chemical potential (thick gray
line) shifts from ~ω0 = 2.15 eV up to ~ω0 ≈ 5 eV an effect
described previously by Holst et al. and others12. It can
be understood in the DOS picture where µ(Te) is located
so that the number of holes below and electrons above it
are equal. Since the DOS is higher below µ(Te) a redis-
tribution of electrons and holes due to a rising Te shifts
the chemical potential towards higher energies. Another
visible feature in Fig. 2 (a) is a broadening or smearing
of the reflectivity edge mentioned previously by Ping at
al.9,21 from a range of ≈ 0.9 eV above electron temper-
atures to a broad edge ranging roughly from 1.2 eV to
6 eV at Te ≈ 70 kK. A possible explanation for this effect
is a smearing introduced by the Fermi-Dirac distribution
appearing only above electronic temperatures where the
d-band is starting to depopulated, while the s/p-band
is further populated. The onset temperature of this ef-
fect of 10 kK matches roughly the width of the d-band
edge itself shown in the DOS in Fig. 1 (marked there in
gray) and leads to an onset of the smearing only above
(Te ≈ 10 kK) Te ≈ 1 eV.
In Fig. 2 b) (DFT with eh-collisions) in addition
the effect of electron-hole-collisions on the reflectivity
map R(Te, ~ω) is included by introducing a Te depen-
dent damping parameter8,10,13. The results are com-
pared with each other and later to experimental data.
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FIG. 2. a) Calculated reflectivity map R(Te, ~ω) in depen-
dence of the electron temperature Te and photon energy ~ω
obtained by DFT calculations using a temperature-dependent
modification of the WIEN2k code. In b) the DFT calculations
are extended by the effect of eh-collisions. Photon energies at
1.66 eV and 4.98 eV are marked with dotted lines at which the
calculated results are compared to experiment.
The dependent damping parameter enters Eq. (8) as the
collision frequency νe(Te) = νeph + νeh(Te) + νee which
includes the electron-phonon collisions νeph, represent-
ing the collisions also present at equilibrium conditions,
extended by the dynamic part of the electron-hole colli-
sions νeh(Te) plus the effect of electron-electron collisions
νee. The influence by electron-electron collisions νee on
the Drude damping term can be neglected when describ-
ing the dielectric function8. The electron-hole-collision
νeh(Te) can be further divided in collisions with free holes
in the s/p-band which play a minor role even at elevated
electronic temperatures8 and the effect of collisions with
bound holes in the d-band which do change the damping
term in the Drude-model when Te is rising. The rea-
son is the formation of unoccupied states in the d-band
and an equal increase of occupied states in the s/p-band
due to the Fermi-Dirac distribution and can be described
by Ndh(Te) = N
sp
e (Te) − 1. These effective numbers of
5holes and electrons per atom in the d-band and sp-band
respectively are calculated by the DOS from the DFT
calculation. The collision frequency νeh(Te)
νeh(Te) = AehN
d
e (Te)N
d
h(Te) , (10)
is then given by the parameter Aeh (assumed constant
over Te and ~ω) times the scattering electrons (which
are the effective number per atom of all occupied states
in the band 5d10) times the holes in the d-band8.
The two different reflectivity maps R(Te, ~ω) can now
be used to describe the effects on the transition edge,
marking the change from high to low reflectivity values,
at elevated electronic temperatures where we can sepa-
rate the effect of the the ab-initio DFT calculations pre-
sented in Fig. 2 a), from the effect of the additional inclu-
sion of an Te dependent increase of eh-collisions shown
in Fig. 2 b). When comparing Fig. 2 a) and b) the effect
of the added dynamic damping term νeh(Te) is visible
especially in the IR, where the increase of Te leads to
an earlier and stronger drop compared to the case with-
out a temperature dependent damping term while the
effect on the higher energetic photons is only a slight
increase of the reflectivity. The results in Fig. 2 b) be-
low Te ≈ 10 kK around the absorption edge qualitatively
agree with experimental thermo-reflectance results from
the literature5–7. Where a decrease in reflectivity below
an excitation energy of ~ω0 = 2.35 eV and an increase
above that excitation energy is measured, and related to a
broadening of the edge. As an explanation for this broad-
ening our calculation results suggest, that the dynamic
damping term νeh(Te) describing eh-collisions with the
d-band explains this broadening, rather then the broad-
ening of the excitation edge itself by a smearing of the
edge of the occupied states in the s/p-band when excita-
tion in a sharp d-band are assumed5–7. In our ab-initio
simulation (Fig. 2 a)) we can see this effect, but only ap-
pearing above Te ≈ 10 kK and attribute this to the width
of the d-band edge itself as described above. With this
detailed knowledge of the effect of Te on the reflectiv-
ity map the next task is to relate this parameter with a
model to the experiment.
The maps from R(Te, ~ω) with eh-collisions includes
and also ǫ′(Te, ~ω), ǫ
′′(Te, ~ω), respectively are included
in the supplementary material presented in matrix form.
IV. EXPERIMENTALLY DETERMINED
REFLECTIVITY
The integral-reflectivity is obtained under common
experimental conditions of a spatially and temporally
shaped Gaussian laser pulse. The incident Einc and
reflected energy Eref(Te) is measured to obtain the in-
tegral reflectivity Rint(Te) by the use of Eq. (1). Two
different photon energies are probed 1.66 eV (IR) and
4.98 eV (UV) with a pulse length of τIR = 0.6 ps and
τUV = 1.6 ps respectively. The pulse energy is varied
between 0.3µJ and 500µJ, to obtain typical structur-
ing conditions covering the ablation threshold of gold
in the UV FUVinc ≈ 0.2 Jcm
−1,14 and the IR F IRinc ≈
1.5 Jcm−1,15 which both show also a pulse length depen-
dency, described in the present work by the parameter
Te. The IR experiments are conducted with pulses from
a Ti:Sapphire regenerative amplifier system. For the
UV experiments the Ti:Sapphire pulses were frequency
tripled and amplified in a KrF excimer module to reach
sufficient pulse energy27,28. The UV pulses pass a 3mm
aperture and are focused with a f = 1000mm fused silica
lens to a nearly Gaussian spot of b = 85µm FWHM. For
the IR experiments a f = 500mm lens is used to create
the same spot size for a larger Gaussian beam profile.
An ultrashort single laser pulse is reflected under nearly
normal incidence < 5◦ by a thick gold target and the in-
cident and reflected energy of the pulse are measured. A
x-y-z-stage is used to move the sample in the beam waist
and to allow every pulse to hit a new undamaged area
of the gold sample. The polycrystalline gold films are
deposited by evaporation technique on a polished glass
surface with a 50 nm chromium layer for enhanced lattice
matching between gold and the substrate. The gold film
has a thickness of 400nm and an estimated grain size of
75 nm, determined by analyzing the cross section of TEM
measurements. To ensure a high precision of the data,
four different energy detectors in overlapping scales are
used: A Polytec RjP-735, Ophir PE10BF-C, Ophir PE9-
ES-C and Ophir PD10-C. In the setup one pulse energy
sensor measures the Fresnel-reflection of the focusing lens
while a second sensor measures the reflected pulse and is
calibrated prior to the measurement. The pulse length
is determined using a home made single-shot UV-FROG
described in29, and in the IR by a ”Positive Light” single
shot autocorrelator.
V. TTM SIMULATION OF INTEGRAL
REFLECTIVITY
The connection between the reflectivity map R(Te, ~ω)
obtained in the DFT calculations and the experimentally
determined integral value of self-reflectivity is realized
by solving the time-dependent differential equations of a
TTM simulation4. Therefore the temperature-dependent
reflectivity is implemented in the source term as a tabu-
lated value obtained from line profiles at the experimen-
tal probe photon energy from the map R(Te, ~ω) in Fig
2 a) and b). The volume of interaction is modeled by a
disk with a thickness of h = 400 nm and a diameter of
d = 400µm shown in Fig. 3. The lateral size of the model
was chosen so that the electronic temperature would not
raise for more than 0.1% by the end of the pulse. A
Gaussian distribution of the pulse in the temporal and
spatial domain is used, with the pulse length τ and the
focus diameter b at FWHM with using the values of the
pulse from experiment described in sec. IV.
fr(r) =
1
πb2
exp
(
−
r2
b2
)
. (11)
6FIG. 3. Schematic picture of the nearly Gaussian laser focus
spot with its experimental parameters. The inset shows the
2D-model geometry in cylindrical coordinates with the source
term S(r, z, t, Te). The model boundary conditions are: At
the z-axis a periodic boundary (PB), in depth free boundary
(FB) and at the surrounding circle a constant boundary (CB).
The effective energy attenuation function in depth z for
the pulses is given by:
fz(z) =
exp
(
− zλ(Te,~ω)+λb
)
(
1− exp
(
− hλ(Te,~ω)+λb
))
λ(Te, ~ω) + λb
.(12)
With the characteristic penetration depth depending on
the electronic temperature Te and the photon energy ~ω
λ(Te, ~ω) =
n1c
ωǫ′′(Te, ω)
. (13)
Where the refractive index n1 from Eq. 5 and the imag-
inary part of the dielectric function ǫ′′(Te, ω) from Eq. 7
is inserted. The values are calculated by the described
model including the effect of eh-collisions and inserted as
tabulated data in the TTM. The values for the penetra-
tion depth at room temperature are for the probed wave-
length λIRRT = 13.1 nm and λ
UV
RT = 13.0 nm while for the
highest calculated electronic temperature of Te ≈ 79 kK
the values are λIR79kK = 15.5 nm and λ
UV
79kK = 11.4 nm
varying in between not more than 9 nm.
The Eq. 12 includes the sample thickness h which is
needed to account for possible losses of a thin sample
relevant for low pulse energies with significant range of
ballistic electrons λb. It describes the non-thermalized
electrons quickly proceeding deeper into the material
and their thermalization process by means of electron-
electron-collisions which occurs at a greater distance than
the optical penetration depth λ(Te, ~ω). The ballistic
transport therefore can effectively increase the laser en-
ergy deposition by one order of magnitude in depth de-
scribed by λb. Neglecting the kinetics of this process, we
include the ballistic range into the source term, Eq. (3),
as it was suggested by Hohlfeld et al.5.
The temporal shape of the pulse is given by:
ft(t) =
1
τ
√
σ
π
exp
(
−σ
(t− t0)
2
τ2
)
, (14)
with σ = 4 ln 2. The laser pulse is defined by its duration
τ . At t = 0 a single pulse shifted to t0 = 2.5τ is used
to inscribe a Gaussian temporal profile with a length of
1.6 ps and 0.6 ps respectively.
The inclusion of the ballistic transport can alter the
electron temperature distribution in the target upon the
laser pulse absorption. We estimate its additional tem-
perature dependence according to the transport relax-
ation time via collision rates, τ−1rel = τ
−1
ee +τ
−1
eh +τ
−1
eph
30,31.
The resulting relaxation time τrel will thus be a func-
tion of the electron, Te, and phonon, Tph, tempera-
tures respectively with the corresponding contributions
as τ−1ee ∼ AT
2
e and τ
−1
eph ∼ BTph
32,33. The influence of
τ−1eh can be neglected since the electron hole collisions
take place only at temperatures when holes are created
in the d-band at which the penetration depth is already
below a few nm. With the value of (1.39× 106ms−1) for
the Fermi-velocity of free electrons, in our simulations
therefore the ballistic range λb in Eq. (12) is dynamically
changing during the pulse and ranges from 300nm at
nearly zero intensity down to 5 nm at the peak intensity,
where the temperature of electrons reaches its maximum
level. During our simulations, however, we noticed that
the inclusion of the ballistic transport does not alter the
integral reflectivity value for more than 0.1% in the range
of incident energies greater than 20µJ, which is in agree-
ment with our previous publications5,23 and theoretical
predictions by Petrov et al.34. At lower incident ener-
gies, the ballistic range is comparable with the thickness
of the modeled target and the first multiplier in Eq. (12)
is accounting for its finite size. This parametric descrip-
tion of the source S(r, z, t, Te) is now implemented in the
TTM which in cylindrical coordinates can be written as:


Ce(Te)
∂Te
∂t
=
1
r
∂
∂r
rKe(Te, Ta)
∂Te
∂r
+
∂
∂z
Ke(Te, Ta)
∂Te
∂z
−G(Te) [Te − Ta] + S(r, z, t, Te)
Ca
∂Ta
∂t
=
1
r
∂
∂r
rKa
∂Ta
∂r
+
∂
∂z
Ka
∂Ta
∂z
+G(Te) [Te − Ta] ,
(15)
where indexes e and a are standing for the electrons and
lattice correspondingly. Since working with a short laser
pulse, the thermal transport due to phonon conductivity
Ka is negligible when compared to electron conductiv-
ity Ke and thus the corresponding parts in Eq. (15) can
be omitted. G and C are the strength of the electron-
phonon coupling with the value for the lattice taken as
Ca = 2.327MJK
−1m−3 given by experimental data35.
7By utilizing DFT calculated density of states with the
effect of the d-band included, Lin et al.11 determined
the electron temperature dependence for the electron-
phonon coupling and the electron heat capacity functions
G and Ce. These quantities therefore were considered in
the present work in the form of tabulated data11. The
complex behavior of the electron heat conductivity Ke
was approximated as it is suggested by Anisimov and
Rethfeld32,36, as a function of the electron and lattice
temperatures Te and Ta respectively:
Ke = γ
(θ2e + 0.16)
5/4(θ2e + 0.44)θe
(θ2e + 0.44)
1/2(θ2e + δθa)
, (16)
with the parameters θe = kBTeE
−1
F , θa = kBTaE
−1
F ,
γ = 353Wm−1K−1 and δ = 0.16 for gold. This depen-
dence shows linear behavior with Te at low excitation
level, a significant decay at the excitation level compara-
ble with TF , and a steep increase like plasma conductivity
at a higher excitation level.
Finally, during the simulations the laser pulse, centered
at r = 0, is irradiating the target At the front and rear
sides of the target in the case of free boundary conditions
when the energy conservation law was applied for control-
ling the accuracy of the calculations. A spatial resolution
of 1µm in r and 1 nm in z direction is used. To test the
accuracy of the model the energy conservation law was
utilized for the case of fixed boundary conditions at the
front, rear and lateral sides.
VI. COMPARISON OF SIMULATION WITH
EXPERIMENT AND DISCUSSION
The simulated integral values of reflectivity described
by Eq. (1) are directly compared to the experimental re-
sults of the self-reflectivity by using the TTM and imple-
menting both of the reflectivity maps R(Te, ~ω) shown
in Fig. 2 a) and b). The results are plotted In Fig. 4
versus the incident pulse energies resulting from the spa-
tial and temporal integration showing atop the corre-
sponding incident peak fluence. A change in reflectiv-
ity is observed in both experiment and simulation above
F
peak
inc = 600mJcm
−2 in the IR for the 0.6 ps laser pulses
and above F peakinc = 120mJcm
−2 for the 1.6 ps pulses in
the UV when looking at the simulation where DFT with
eh-collisions are implemented, shown in (red diamonds)
and (magenta circles), respectively. The difference of
the onset of the reflectivity change in the IR and UV
can be explained by the initial reflectivity difference at
equilibrium conditions and therefore the difference of the
absorbed amount of energy and thus the reached elec-
tronic temperatures. Even though the rise of R in UV
appears at much higher Te than the drop in R in the
probed IR range. When looking at the simulation results
where only the ab-inito results of the modified WIEN2k
code are used shown in (orange diamonds) and (blue cir-
cles), for IR and UV respectively, it appears that the
shift of the chemical potential and the broadening of the
Fermi-Dirac distribution alone is not able to describe pre-
cisely the change in reflectivity observed in experiment.
To describe the strong decrease of reflectivity in Fig. 4
in the IR and the only small increase of R in the UV
a temperature-dependent eh-collision obtained from the
calculated DOS for the intra-band excitations needs to
be included, resulting in an remarkable agreement of ex-
periment and simulation at both probed wavelength even
though one has to mention that therfore a parameter Aeh
to the ab-initio calculations needs to be included.
The electronic temperature thus seems to be the key
parameter describing the optical response around a flu-
ence relevant for metal surface structuring. In the IR the
rise of Te explains an increases of the rate of free elec-
trons colliding with bound states of the d-band, where
the depopulation of states by a broadened Fermi-Dirac
distribution increases the probability of free electrons to
collide with. Also the effect of the broadening of the ex-
citation edge of the d-band itself plays a role as shown in
the DFT results in In Fig. 2 a). In the UV an increase of
reflectivity is observed in experiment and the DFT simu-
lations described in section III.2 and suggest that in this
case mainly the extent of the broadening of the Fermi-
Dirac distribution explains the change in reflectivity. The
explanation is that a de-population of the d-band which
creates more occupied states in the s/p-band and leads
to an effective shift of the now broad chemical potential
µ(Te) to higher energies and thus also increases the rela-
tive depth of the d-band. The UV photons thus have an
increased probability to excite from a bound state since
excitations from bound states to unoccupied states even
at an excitation energy of 5 eV is possible.
An increase of the electronic temperature up to Te =
4kK will already change the reflectivity around the ab-
sorption edge and is referred to as thermo-reflectance5–7.
In literature the effect is normally described by a sim-
plified picture of a smearing of the excitation from the
Fermi level EF (chemical potential µ) to a sharp d-band
5.
At these elevated Te no material changes after equili-
brating with the lattice will appear. However, when the
laser induced energy is sufficient to ablate material af-
ter its transfer to the lattice electronic temperatures up
to 80 kK can be reached during transient self-reflectance.
This state is often referred to as warm dense matter21,22.
Under these conditions the density of states (DOS) itself
changes, the occupation around the chemical potential µ
smears out spanning a few eV on the photon energy axis
and a shift of µ is observed11,12. At these conditions a
dynamic decrease in reflectivity during the pulses interac-
tion with the surface can even produce a self strengthen-
ing effect altering the onset of the ablation threshold of a
pulse and the introduced amount of energy. Parameters
crucial for a precise simulation of the nano-structuring of
metal surfaces23,24.
8FIG. 4. Single-shot self-reflectivity of gold measured at differ-
ent incident pulse energies for laser pulses with ~ω = 1.66 eV
(IR) and τ = 0.6 ps (diamonds in red and orange) in a),
~ω = 4.98 eV (UV) and τ = 1.6 ps (circles in blue and pink) in
b) respectively, focused on a spot with b = 85µm compared to
simulations obtained by using temperature-dependent DFT
calculations, combined with the effect of eh-collisions. The
literature values of Johnson and Christy for low pulse ener-
gies are RAu1.66eV = 0.974 (black bar) and R
Au
4.98eV = 0.340
(gray bar)25.
VII. CONCLUSION
The reflectivity change under electron-phonon non-
equilibrium conditions is measured, simulated and de-
scribed for a wide range of photon energies at pulse ener-
gies relevant for structuring purposes. A map describing
R(Te, ~ω) is introduced and visualises the effect of a bo-
radeining of the Fermi-Dirac distribution on the typical
d-band absorption edge of gold as well as the effect of in-
troducing an additional Te dependet damping factor on
the IR reflectivity of gold. At two probe wavelength in
the IR and UV a good agreement between experiment
and simulation was shown. Our model is also in agree-
ment with experimental thermo-reflectance data around
the absorption edge described by Hohlfeld et al. and
others5–7, and gives a more detailed picture of the in-
volved processes than described before. Agreeing also
with experiments at warm dense matter conditions, a de-
crease in reflectivity in the IR described by Fourment et
al. and others8,13. In the UV the increase in reflectivity
described by Fedosejevs et al.17 also agrees qualitatively
with our model. The effect is distinguished from effects
related to the formation of a plasma mirror. The rele-
vant phenomena assumed here appearing at elevated elec-
tronic temperatures are a smearing of the excitation into
the d-band combined with a eh-collision rate increase of
free electrons with bound d-band holes being responsible
for the dynamic change in reflectivity around the abla-
tion regime, especially in the IR. The shown approach
represents a powerful tool, allowing the description of
the most general case of laser self-reflectivity and its pre-
cise absorbed energy at a certain time and location for
elevated electronic temperatures.
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